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Abstract. Nonlinear kinetic inductance in a high Q superconducting coplanar 
waveguide microresonator can cause a bifurcation of the resonance curve. Near the 
critical pumping power and frequency for bifurcation, large parametric gain is observed 
for signals in the frequency band near resonance. We show experimental results on 
signal and intermodulation gain which are well described by a theory of the parametric 
amplification based on a Kerr nonlinearity. Phase dependent gain, or signal squeezing, 
is verified with a homodyne detection scheme. 
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1. Introduction 

Interest in microwave parametric amplifiers is being renewed by the need for low 
noise, minimal back-action measurement in the study of quantum electrodynamics with 
superconducting circuits fl]. Work on microwave parametric amplifiers dates back to the 
early days of high frequency electronics and the development of radar [2]. Today most 
microwave amplifiers are based on discrete components and feedback, employing high 
electron mobility transistors. These amplifiers, operating at cryogenic temperatures, 
are achieving ever higher frequencies and ever lower noise figures, with high gain in 
a broad frequency band, and they are indispensable as second-stage amplifiers for the 
experiments described here. However, parametric amplifiers of the type discussed in this 
work are able to achieve even lower noise figures, and they possess unique qualities which 
motivate their further development as a general purpose, quantum-limited measurement 
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tool. Here we study a parametric amplifier based on nonlinear kinetic inductance of a 
weak link in a superconducting resonator [3l H]. Parametric amplifiers based on the 
nonlinear inductance of a Josephson junction have been previously explored for their 
low noise properties O [6l [7j . 

A parametric amplifier does not amplify signals in the conventional sense. While it 
does provide power gain G, it also "squeezes" a signal. If we describe an arbitrary 
signal at the input of the parametric amplifier by its two quadrature components, 
A{t) = Aicosut + ^2 sin cut, the quadrature signals at the output of the parametric 
amplifier can be written as B{t) = \fGAx cos (cut + 0) + ^2 sin + 0)- Thus 

one quadrature is amplified, while the other is deamplified. This squeezing is, in 
principle, a reversible process - it can be undone by the application of a second 
parametric amplifier with its internal clock appropriately phase-shifted with respect 
to the first amplifiers clock. The reversibility of this amplification process means that 
the amplification can occur without adding any noise to a signal. Thus, the parametric 
amplifier can amplify a signal at the quantum limit, delivering gain to a signal while 
the signal remains coherent, with the minimal uncertainty that is imposed by quantum 
physics, 

AfiiAfi2 = v^AAi^AA2 = (1) 

where Z is the characteristic impedance of the signal source and load which are assumed 
identical and matched to the amplifier, and /b is the frequency bandwidth over which 
we measure gain. A phase-insensitive amplifier, which amplifies both quadratures with 
the same gain a/G, must add at least [G — l)^hujfB of noise power to the output signal 

Parametric amplification can occur near the bifurcation of a nonlinear oscillator. 
The nonlinear oscillator used here is a standing wave mode of a superconducting 
coplanar waveguide (CPW) resonator [lOj, with an intentional weak-link at the anti- 
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node of the current (i.e. in the center of the resonator), see figure [TJ Superconducting 
CPW resonators have very low internal loss and their small transverse dimensions 
in comparison with the modal wavelength give a small modal volume, which is 
advantageous for strong coupling of the resonator modes to quantum circuits [m[T2| [T3]. 
These microwave resonators have been instrumental in the development of circuit QED, 
where they are often used in the linear regime. They can be used for example to 
probe the quantum state of a Cooper pair box by measuring a shift of the oscillator's 
resonance [11]. Recently, CPW resonators with nonlinear Josephson junction elements 
have been used to realize bifurcation amplifiers [151 [HI [13 and parametric amplifiers 
[m [191 [201 EH [22]. 

The weak damping, or high quality factor Q 10^ — 10^, of superconducting 
CPW resonators means that they build up large amplitude oscillations near resonance, 
even for a very weak driving signal. If the resonator is slightly anharmonic (nonlinear 
restoring force) there will be a bending of the resonance curve as the drive power is 
increased, which eventually results in hysteretic behavior of the resonance curve (see 
figure [2]). Bifurcation occurs at a critical power and frequency, right at the onset of the 
double-valued resonance curve. At this critical point the oscillator dynamics suddenly 
develops qualitatively new behavior, changing from one stable state of oscillation to 
three states of oscillation, two of which are stable and one which is unstable. When the 
driven, damped nonlinear oscillator is balanced in the unstable oscillation state, a small 
perturbation will cause the oscillator to evolve toward one of the two stable oscillation 
states. This sensitivity of the bifurcated oscillator is exploited using a pulse-and-hold 
measurement technique [23] in the bifurcation amplifier [23]. The bifurcation amplifier 
can measure the state of a qubit with high fidelity [IH [16], [171 [25], giving a digital 
output, where the result of measurement is that the oscillator ends up in one of its two 
possible stable states. The parametric amplifier also exploits the dynamic instability 
near bifurcation, but in an analog way, with a continuous drive called the pump. 

Parametric amplifiers are often operated in what is known as "degenerate mode", 
where the nonlinear oscillator is driven, or pumped, at twice the resonance frequency. 
When the pump amplitude is large enough, a period-doubling bifurcation can occur. 
Period-doubling means that response will spontaneously develop at one-half the pump 
frequency, on resonance. When the pump is tuned slightly below the critical power for 
the onset of period-doubling bifurcation, a weak signal tone which is injected at one 
half the pump frequency will be squeezed. The pump, being at exactly twice the signal 
frequency, has a fixed phase relation to the signal. Signals in phase with the pump 
are amplified, whereas signals out of phase with the pump are deamplified. Gain is 
achieved if the signal and pump have the correct phase relation. By gain, we mean that 
the nonlinear oscillator driven in this way can deliver more power to a load at the signal 
frequency, than was supplied at the signal frequency. The nonlinearity causes power to 
be taken from the pump tone, and transfered to the signal tone, something that is not 
possible for linear systems, where energy in each harmonic tone is strictly conserved. 

In this work we operate the parametric amplifier in the so-called "non-degenerate 
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Figure 2. Bending of the resonance curve, transmission vs. frequency, of a high Q 
superconducting coplanar waveguide resonator. Each curve is offset for clarity. From 
bottom to top the drive power is increased as indicated. The dotted hues show the 
measured data and the sohd hnes show fits to the data with the nonhnear model 
described in the text. 

mode" , where the pump is near resonance, very close to the critical frequency and power 
for bifurcation of the nonlinear oscillator, see figure [21 A weak signal tone which is placed 
close to the pump tone (within the bandwidth of the oscillator) will be stimulated by the 
pump and amplified. In the non-degenerate mode of operation, the signal and pump 
no longer have constant phase relation to one another. When the signal and pump 
are separated by A/ = /s — /p, their relative phase is changing periodically with the 
beat frequency A/. However, intermodulation of the signal and the pump tones in the 
nonlinear oscillator generate response at a third, idler frequency fi = fp — A/. The 
signal and the idler are both beating against the pump with frequency A/, and the 
correlation of the phases of the signal and its idler, which are both locked to the pump, 
gives rise to squeezing. 

Thus, unlike the degenerate parametric amplifier, the non-degenerate parametric 
amplifier does not require a particular phase at the input in order to amplify a 
signal. Any phase of the input signal will be amplified equally well because the 
amplifier automatically generates the appropriate idler signal. The ability of the 
non-degenerate parametric amplifier to squeeze can only be revealed after mixing the 
nonlinear oscillators response, including the signal and its idler, with a phase-shifted 
pump signal as shown in figure [31 This mixing causes the signal tone and the idler tone 
to be down-converted to the same frequency A/. The amplitude of the down-converted 
signal at A/ will depend on the phase shift (p. 



Parametric amplification with weak-link nonlinearity 



5 




Figure 3. An illustration of the microwave circuitry used to realize the non-degenerate 
parametric amplifier. A strong pump at /p and a weak signal at fs are combined and 
applied to the nonlinear resonator, which generates an idler at /j. The homodyne 
detection scheme mixes the output from the resonator with a phase shifted copy of the 
pump. The mixer down-converts fs and /i to the same frequency A/. Squeezing is 
revealed as a. 4> dependence of the response at A/ resulting from a correlation in the 
phases signal and its idler. 

2. Experiment and Analysis 

Superconducting CPW resonators were fabricated by STAR Cryoelectronics [26] from 
Nb films by etching out narrow gaps between the center conductor, ground planes, and 
input/output couplers. We used a focused ion beam to form a thin wire, 10 /xm long 
with cross section 200 x 200 nm^, in the center of the cavity. In this thin wire 10 
constrictions of cross section ~ 30 x 30 nm^ were formed, see figure [H 

Measurements were made with the resonator mounted in a dip-stick style dilution 
refrigerator with base temperature of 20 mK. A schematic of our microwave circuit 
is shown in figure [3l Two stages of cold attenuators were used at the input side of 
the resonator to bring the noise at the input into thermal equilibrium at the base 
temperature. One circulator was used at the output to shield the resonator from back- 
action noise due to the second stage amplifier. As a second stage amplifier, we have 
tested cryogenic amplifiers from Miteq and Low Noise Factory [27], the latter being far 
superior to the former, with a gain of 38-40 dB in the frequency band 4-8 GHz, a noise 
temperature of 2-3 K and a DC power consumption of 7 mW. 

The nonlinear CPW resonators are initially characterized by a transmission 
measurement, without the pump and mixer. To characterize the nonlinearity, we sweep 
the frequency through resonance and back again, tracing out the resonance curve for 
different drive powers. The result is shown in figure El We observe a bending of the 
resonance curve toward lower frequency as the drive power is increased. The shifting of 
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the resonance frequency ojq = 1/ yLC toward lower frequency means that the inductance 
L of the resonator is increasing with increasing current. Since kinetic inductance is 
proportional to the inverse of the density of superconducting electrons ~ l/'^.g, it 
follows that a reduction of Us or pair breaking is the source of nonlinearity. Indeed, 
if we envision the weak links as narrow constrictions of a bulk superconductor, then 
we can describe pair breaking as a consequence of the finite superfiuid velocity, within 
the context of the Ginzburg-Landau theory of superconductivity ^28j . Alternatively we 
could consider the nonlinear current-phase relation I {5) of the weak link as the source 
of nonlinear inductance, = The exact form of I{5) will depend on the nature 

of the weak link [29l [30]). In any case, an expansion of this current-phase relation 
to the lowest nonlinear order in phase (i.e. 6^ term) results in a nonlinear oscillator 
equation for the resonator which is the Duffing equation. If we compare the two extreme 
cases of a perfectly clean weak link comprised of normal conduction channels of unity 
transparency, I{S) = Icsm(S)/\ cos(|)|, with that of a dirty weak link were all channels 
have transparency much less than one, I{S) = Iq sin(5), we find that for the same critical 
current Iq, the 6^ term is smaller in the former case by a factor 4. Thus, clean weak links 
have a weaker nonlinearity than dirty weak links or tunnel junctions, but in all cases, the 
scale of the linear and nonlinear inductance is set by Iq^. In our experiment we can not 
independently measure Iq or I{6) but we can determine the amplitude of the standing 
current wave when the nonlinear oscillator bifurcates, which was /b = 19yuA <^ Iq for 
the weak link resonator described here. 

A theory of the parametric amplifier based on a nonlinear oscillator has been re- 
cently worked out [311 [32] starting from the Hamiltonian: Hq = HuqA^A + ^hKA^A^AA, 
where the Kerr constant K gives the strength of the nonlinearity. Treated classically, 
this is the Hamiltonian of the Duffing oscillator. The theory of Yurke and Buks treats 
the quantum case, where the methods of Gardiner and CoUett |33| are used to model 
linear damping due to the input /output port, and a port which models nonlinear damp- 
ing. The theory calculates response at the signal and idler frequencies and neglects 
intermodulation products generated at other frequencies. 

In figure [2] we see that the transmission data are well described by the theory 
over a wide range of drive power. By fitting the theory to the data, we are able 
to extract the following parameters which characterize the nonlinear oscillator: The 
resonance frequency ujq/27t =7.60845 GHz, the Kerr constant K/ujq = —1.27 x 10~^, 
the linear damping coefficients due to radiation to the input and output ports 7i/27r = 
74/27r = 464 kHz, and the linear damping coefficient due to intrinsic losses in the cavity 
72/27r = 9 kHz. Damping is clearly dominated by radiation losses in this over-coupled 
cavity, with a total quality factor Q = ^0/2(71 + 72 + 74) = 4060. We achieve excellent 
quantitative agreement between the measured transmission data and the theory without 
nonlinear damping. 

The nonlinear oscillator is operated as a parametric amplifier by combining the 
pump and signal, and applying this combined signal to the input port of the resonator 
(see figure [3]). Response is measured at the output port at the signal, pump and idler 
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frequencies. In figure S] we see the experimental signal and idler response plotted with a 
colour map (upper panels), as a function of frequency and pump power. At each pump 
power we measured transmission at all three frequencies, while sweeping both /s and /p, 
keeping the spacing A/ = /s — /p constant. Successive sweeps are made with constant 
signal amplitude, incrementing the pump power. We can see that for the lowest pump 
power, the signal is unaffected by the pump, and the response is the Lorentzian of a 
linear oscillator, with nearly unity transmission on resonance. As the pump power is 
increased and the resonance shifts to lower frequencies, the signal response begins to 
show gain, reaching a maximum value that exceeds the applied level. When the pump 
power and frequency are at the threshold for bifurcation of the nonlinear oscillator, the 
signal response has a sharp peak providing a maximum gain of 22 dB. In contrast to the 
signal, the idler shows no response at low pump power, as expected when the oscillator 
is in the linear regime. For increasing pump power we see the idler response emerge. It 
is interesting to note that the intermodulation of the signal and pump, which produces 
the idler, is a very sensitive method for detecting the presence of nonlinearity in the 
oscillator. At very low pump power (—100 dBm), where there is no detectable bending 
of the resonance curve, we can easily distinguish the presence of an idler response above 
the background noise level. With increasing pump power, the idler response becomes 
more pronounced, and at the maximum of signal gain, the idler and signal have reached 
nearly the same amplitude. 

Theoretical expressions for the signal and idler response as a function of pump 
power and frequency are given in ref. [31]. We have modified these expressions for 
our experiments, where two ports are used and transmission rather than reflection is 
measured [34] • In figure H] we plot the theoretical predictions (lower panels) for the 
parameters given above, as determined from the fits shown in figure [2l We see excellent 
agreement between the gain predicted by the theory and the measured gain, with no 
adjustment of the parameters. 

Thus our nonlinear resonator functions as a non-degenerate parametric amplifier 
with quite reasonable gain (peak gain 25 dB), albeit in a very narrow frequency band 
(3 dB bandwidth 30 kHz). To demonstrate the phase sensitive nature of the non- 
degenerate parametric amplifier and to reveal squeezing, we mix the output, containing 
the pump, signal and idler frequencies, with a phase-shifted copy of the pump signal 
as shown in figure [31 In this homodyne scheme, the mixer translates the frequencies 
inserted to its RF port by an amount /p, see figure [3], and divides the translated signals 
into two quadratures which are delivered at the I and Q ports. In figure [5] we show 
the measured I and Q response at the frequency A/, which contains both signal and 
idler components. The interference between the signal and idler components which 
depends on the phase-shift gives rise to the squeezing. Here we also see excellent 
agreement between experiment and the theoretical predictions for squeezing, where we 
have compensated for the non-ideality of our mixer by adjusting the relative phase of 
the I and Q signals slightly away from tt/2. For this operating point (marked in figure 
S]) we are able to observe —6.5 dB of squeezing measured relative to the applied signal 
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Figure 4. Measured (upper panels) and predicted (lower panels) gain for the signal 
(left) and idler (right) plotted with a colour map as a function of pump power and 
pump frequency. At every point the signal frequency is A/ = 10 kHz above the pump 
frequency. The cross marks the operating point for the squeezing experiment (see 
figure [5]). 



level, which corresponds to —2 dB relative to the transmission level measured with the 
pump off. 

3. Discussion and summary 

While the parametric amplifier had relatively good gain, we did not observe ideal 
behaviour in the sense that the squeezing 1/G was not equal to the inverse of the 
gain G. Nevertheless, our results are consistent with the theory for the operation point 
used in the measurement shown in figure [5l We found that the theory did predict more 
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Figure 5. Phase dependence of the down-converted signals I and Q from the mixer 
(see figure [3|). 



ideal behavior when the working point was adjusted closer to, but slightly away from, 
the point of peak gain. However, when performing the experiment near this point we 
found that the amplifier became unstable. 

The theory of Yurke and Buks [31] includes a nonlinear loss parameter 73. For the 
range of applied power described in this paper, from —110 dBm up to —80 dBm, which 
includes the bifurcation at —83.5 dBm, we are able to explain our data well with 73 = 
and a single Kerr nonlinearity K. However, for higher power levels, above —80 dBm, 
we find that it is necessary to include 73 and additional expansion coefficients of the 
nonlinear inductance in order to explain the measured distortion of the resonance curves. 
Furthermore, when increasing the signal level in the parametric amplifier, we observe 
intermodulation response at frequencies 2A/, 3A/ etc. away from the pump. To explain 
this response one must consider either higher order coefficients in the expansion of the 
nonlinear inductance, or higher orders of perturbation theory in the response calculated 
with a Kerr nonlinearity, or both. These higher order effects may become important 
near the point where the gain peaks, and may be the cause of instability. 

In summary, we have demonstrated how a superconducting CPW resonator with a 
weak link can be used to realize a non-degenerate parametric amplifier. The amplifier 
exhibits a gain of 22 dB for a signal 10 kHz away from the pump. The gain is 
sharply peaked in a narrow band centered around the bifurcation point of the nonlinear 
oscillator. Squeezing of the signal was shown with a homodyne detection scheme, but 
instability prevented operation near the optimal point. When stable operation was 
achieved, the measured results are in excellent agreement with a theory [31] based on 
Kerr nonlinearity, with insignificant nonlinear loss. Work is in progress to explore the 
noise properties of this amplifier. 



Parametric amplification with weak-link nonlinearity 



10 



Acknowledgments 

We acknowledge stimulating discussions with Michel Devoret, Steve Girvin, Rob 
Schoelkopf, Konrad Lehnert and Manuel Castellanos-Beltran. Support for this research 
comes from the Swedish VR and the EU project SCOPE under FET-Open grant number 
218783. 

References 

[1] Clerk A A, Devoret M H, Girvin S M, Marquardt F, and Schoelkopf R J. Introduction to quantum 
noise, measurement and amplification. Preprint, 2008. cond-mat 0810.4729. 

[2] Louisell W H. Coupled mode and parametric electronics. John Wiley & Sons, Inc., New York, 
London, 1960. 

[3] Abdo B, Segev E, Shtempluck O, and Buks E. Intermodualation gain in nonlinear nbn 

superconducting microwave resonators. Appl. Phys. Lett., 88:022508, 2006. 
[4] Segev E, Abdo B, Shtempluck O, and Buks E. Novel self-sustained modulation in superconducting 

stripline resonators. EPL, 78(5):57002 (5pp), 2007. 
[5] Wahlsten S, Rudner S, and Claeson T. Arrays of josephson tunnel junctions as parametric 

amphficrs. J. Appl. Phys., 49(7):4248 4263, 1978. 
[6] Yurke B, Corruccini L R, Kaminsky P G, Rupp L W, Smith A D, Silver A H, Simon R W, and 

Whittaker E A. Observation of parametric amplification and deamplification in a josephson 

parametric amplifier. Phys. Rev. A, 39:2519, 1989. 
[7] Kuzmin L S, Likharev K K, Migulin V V, Polunin E A, and Simonov N A. X-band parametric 

amplifier and microwave squid using single- tunnel-junction superconducting interfermoter. In 

Proc. SQUID '85, page 1029. Walter de Gruyter & Co., Berlin, 1985. 
[8] Caves C M. Quantum limits on noise in linear amplifiers. Phys. Rev. D, 26(8):1817-1839, Oct 

1982. 

[9] Yurke B. Back-Action Evasion as an Alternative to Impedance Matching. S'cze?zce, 252(5005):528- 
532, 1991. 

[10] Tholen E A, Ergiil A, Dohcrty E M, Weber F M, Grcgis F, and Haviland D B. Nonlincaritics and 
parametric amplification in superconducting coplanar waveguide resonators. Appl. Phys. Lett., 
90(25):253509, 2007. 

[11] Blais A, Huang R S, Wallraff A, Girvin S M, and Schoelkopf R J. Cavity quantum electrodynamics 
for superconducting electrical circuits: An architecture for quantum computation. Phys. Rev. 
A, 69:062320, 2004. 

[12] Wallraff A, Schuster D I, Blais A, Prunzio L, Huang R S, Majer J, Kumar S, Girvin S M, and 

Schoelkopf R J. Strong coupling of a single photon to a superconducting qubit using circuit 

quantum electrodynamics. Nature, 431:162-167, 2004. 
[13] Frunzio L, Wallraff A, Schuster D, Majer J, and Schoelkopf R J. Fabrication and characterization 

of superconducting circuit qed devices for quantum computation. IEEE Trans. Appl. Supercond., 

15(2):860, 2005. 

[14] Wallraff A, Schuster D I, Blais A, Frunzio L, Majer J, Devoret M H, Girvin S M, and Schoelkopf R 

J. Approaching unit visibility for control of a superconducting qubit with dispersive readout. 

Phys. Rev. Lett., 95:060501, 2005. 
[15] Metcalfe M, Boaknin E, Manucharyan V, Vijay R, Siddiqi I, Rigetti C, Frunzio L, Schoelkopf R J, 

and Devoret M H. Measuring the decoherence of a quantronium qubit with the cavity bifurcation 

amphficr. Phys. Rev. B., 76:174516, 2007. 
[16] Boulant N et al. Quantum nondemolition readout using a josephson bifurcation amplifier. Phys. 

Rev. B., 76(1):014525, 2007. 
[17] Bertet P. These proceedings, 2009. 



Parametric amplification with weak-link nonlinearity 



11 



[18] Castellanos-Beltran M A, Irwin K D, Hilton G C, Vale L R, and Lehnert K W. Amplification and 
squeezing of quantum noise with a tunable josephson metamaterial. Nat. Phys., 4(12):929-931, 
2008. 

[19] Castellanos-Beltran M A and Lehnert K W. Widely tunable parametric amplifier based on a 
superconducting quantum interference device array resonator. Appl. Phys. Lett., 91(8):083509, 
2007. 

[20] Bergeal N, Vijay R, Manucharyan V E, Siddiqi I, Schoelkopf R J, Girvin S M, and Devoret M H. 

Analog information processing at the quantum limit with a josephson ring modulator. Preprint, 

2008. cond-mat 0805.3452. 
[21] Abdo B, Suchoi O, Segev E, Shtempluck O, Blencowe M, and Buks E. Intermodulation and 

parametric amplification in a superconducting stripline resonator integrated with a dc-squid. 

EPL, 85(6):68001 (6pp), 2009. 
[22] Wilson C M. These proceedings, 2009. 

[23] Walter J, Tholen E A, Sjostrand J, and Haviland D B. Pulse and hold strategy for switching 

current measurements. Phys. Rev. B, 75:094515, 2007. 
[24] Siddiqi I, Vijay R, Pierre F, Wilson C M, Metcalfe M, Rigetti C, Frunzio L, and Devoret M 
H. Rf-driven Josephson bifurcation amplifier for quantum measurement. Phys. Rev. Lett., 
93(20):207002, 2004. 

[25] Lupa§cu A, Dricsscn E F C, Roschicr L, Harmans C J P M, and Mooij J E. High-Contrast 
Dispersive Readout of a Superconducting Flux Qubit Using a Nonlinear Resonator. Phys. Rev. 
Lett, 96:127003, 2006. 

[26] Star cryolectronics. Santa Fe, New Mexico, http://www.starcryo.com. 

[27] Low noise factory. Goteborg, Sweden, http://www.lownoiscfactory.com. 

[28] Tinkham M. Introduction to Superconductivity. Dover Publications, Inc., Mineola, New York, 

second edition, 1996. Original Edition 1975 by McGraw-Hill. 
[29] K. K. Likharev. Superconducting weak Hnks. Rev. Mod. Phys., 51(1):101-159, Jan 1979. 
[30] Marin Chauvin. The Josephson Effect in Atomic Contacts. PhD thesis, SPEC/CEA-Saclay, 2005. 
[31] Yurke B and Buks E. Performance of cavity-parametric amplifiers employing kerr nonlinearites 

in the presence of two-photon loss. J. Lightw. TechnoL, 24(12):5054, Dec. 2006. 
[32] Babourina-Brooks E, Doherty A, and Milburn G J. Quantum noise in a nanomechanical duffing 

resonator. New J. Phys., 10(10):105020 (14pp), 2008. 
[33] Gardiner C W and Collett M J. Input and output in damped quantum systems: Quantum 

stochastic differential equations and the master equation. Phys. Rev. A, 31(6):3761-3774, Jun 

1985. 

[34] Stannigel K. Parametric amplification in superconducting cavities. Masters thesis, KTH, 2007. 
Available at http: / /kof. physto.se. 



